Wastewater reclamation is becoming an important alternative for sustainable water resources management and building climate change resiliency in many regions around the world. This research investigated the polishing of secondary effluents and Combine Sewer Overflows (CSOs) by a laboratory scale Soil Aquifer Treatment (SAT) considering local soils and wastewater characteristics of southwestern Ontario. Results show that high permeability soils of southwestern Ontario, have the ability to polish secondary effluents in terms of DOC, E. coli and total coliforms. Regarding the simulated CSOs, low to moderate improvements of wastewater quality were observed. Denitrification of secondary effluents improved significantly by the addition of readily available organic matter, which supports the importance of protecting recharge wetlands for groundwater D r a f t
INTRODUCTION
Water resources around the world are under increasing pressure from the rapidly growing demands of rising population and industrialization. Furthermore, changes in global weather patterns are expected to intensify its current and future stresses. Searching for alternative sources of water such as the recovery of rain water, desalination of seawater or brackish groundwater, on-site grey water reuse and the reclamation of municipal waste are important approaches to reducing the pressure on fresh water availability (NRC 2012) .
Reclamation of wastewater effluents is the process of treating wastewater to high quality standards to make it suitable for potable or non-potable applications.
Reclamation of highly treated wastewater has become a feasible alternative for augmenting drinking water supplies, such as groundwater and surface waters, largely because of advances in treatment technology that enables the production of high quality recycled water at increasingly reasonable costs and reduced energy inputs (Rodriguez et al. 2009 ). Additionally, public confidence in water reclamation projects is higher when the reclaimed water is put back into natural systems prior to be reused (Haddad et al. 2009; Dillon et al. 2006 ). Advantages of aquifer storage over surface water reservoirs includes a higher capacity of storage, lower requirements for land, lower costs, prevents evaporation losses and, by recharging through unsaturated soil layers, it provides additional purification to the treated effluent (Dillon et al. 2006; Wintgens et al. 2008; Bdur et al. 2009 ). Groundwater recharge can be achieved by the direct injection of treated wastewater into the aquifer or by allowing the treated wastewater to infiltrate and percolate through the soil into the aquifer. The latter is also known as Soil-Aquifer Treatment (SAT). SAT involves the infiltration of the wastewater effluent through a recharge basin followed by the recovery of the purified wastewater through recovery wells.
Several field and laboratory-scale studies have been carried out around the world to determine the effectiveness of SAT at removing specific pollutants from treated wastewater effluents (Fox 2001; Cha et al. 2005; Drewes et al. 1999; Essandoh et al. 2013; Essandoh et al. 2011; Fox et al. 2005; Harun 2007; NCSWS 2001;  D r a f t 4 Quanrud et al. 2003; Sharma et al. 2008) . SAT for CSOs has not been as extensively investigated as secondary and tertiary effluents. Combined systems carry sanitary and storms sewer simultaneously to the wastewater treatment plant to be treated. However, during storm events, the volume of stormwater collected by the combined sewer systems may exceed the treatment capacity of the wastewater plant, resulting in the release of untreated sewage into the local water ways. These CSO discharges are considered a significant source of pollution in the Great Lakes. An estimated 92 billion litres of CSOs are released into the Great Lakes in one year by cities in the Great Lakes basin (Ecojustice 2013).
The performance of SAT systems is affected by the quality of influent wastewater, the specific characteristics of the site (climate, geology and hydrogeology) and the operational schedule of the infiltration basins. Water quality concerns of wastewater reclamation subjected to SAT include organics, nitrogen species, heavy metals, pathogens and emergent contaminants such as pharmaceuticals (Dolnicar and Schafer 2009; US-EPA 2011) .
Centralized wastewater reuse in Canada is limited to agricultural irrigation, and golf course and urban landscape irrigation, and there are no regulations for indirect potable reuse (Exall et al. 2006 ) such as aquifer recharge. Some guidelines for municipal wastewater reclamation have been developed at the federal level and by the provinces of British Columbia, Alberta, Saskatchewan, Manitoba and Prince Edward Island (CMHC 2005).
Federal guidelines have been developed specific to the use of reclaimed domestic wastewater for toilet and urinal flushing (GC 2011) . British Columbia is the province with the most comprehensive guidelines, but they are limited to urban and agricultural irrigation (CMHC 2005) .
The purpose of this research was to investigate the prospect of SAT of secondary effluents and CSOs for indirect potable or non-potable reuse by using a laboratory scale SAT system. The SAT system was built taking into consideration the subsurface geology of southwestern Ontario and operated with wastewater collected from a local wastewater treatment plant.
STUDY SITE
Southwestern Ontario is a region in south Ontario, with a population of approximately 3.5 million. It extends from the City of Windsor to the City of Guelph and it is bound by Lake Huron to the north, Lake Erie to the south and Lake St Clair to the west. Sources of drinking water in southwestern Ontario include the Great Lakes (Lake Erie and Lake Huron) and groundwater. For instance, the City of London, which is the largest city in southwestern Ontario with a population of 366,151 (2011 census), relies of Lake Huron and Lake Erie as drinking water sources. Additionally, a network of 7 groundwater wells is maintained as back up for emergency 
MATERIALS AND METHODS
A laboratory scale SAT system was constructed and packed with fine to medium natural sand collected from the banks of the Medway Creek (MC), a tributary of the Thames River in London, ON. The SAT system was built using a polyvinyl chloride (PVC) column with an internal diameter of 5 cm and effective length of 90 cm. A series of sampling ports that extended from the center of the column's cross section were installed at multiple depths from the soil surface at 0, 10, 30, 50, 70, 90 cm. The SAT system was operated under gravity flow conditions at a constant head of 20 cm, which was maintained by the use of a top feeding tank with an overflow weir, a peristaltic pump and flexible PVC tubing. Additionally, a valve was installed at the outlet to be able to control the outlet flow and, therefore, hydraulic retention times (HRTs). . The bottom 20 cm of the column were filled with gravel to support the sand. Graphic geometric mean and standard deviation of the sieved MC sand were measure in phi units (Φ) as 1.9 Φ and 0.55 Φ (moderately well sorted) respectively. Specific gravity was measured using a Pycnometer as 2.65. Additionally, major oxides composition (wt%) and trace elements (ppm) in the sand were determined by Fusion X-Ray Fluorescence (XRF) and pressed pellet XRF respectively (table 1) . Average total organic carbon content was measured as 3 % (n=4) by TOC analyzer. Porosity and total pore volume were calculated as 42 % and 831 cm 3 respectively.
The laboratory scale SAT system was operated with secondary effluents and CSOs for a period of 12 consecutive months on cycles of 7 days wetting and 7 days drying at 20 0 C (± 1 0 C) at 3 HRTs representative of high permeability soils. After a wetting cycle of several days, a drying cycle is usually necessary to restore surface permeability and increase the column redox potential (Bouwer 2002) . Simulated CSOs were prepared in the laboratory by diluting raw wastewater with distilled water at a ratio of 1:2 (Gandhi et al. 2014 ).
D r a f t
Denitrification enhancement was also investigated by the addition of readily available organic carbon (methanol and glucose). Methanol has been commonly employed as external carbon source due to being easily assimilated by denitrifying bacteria and its low cost (Peng et al. 2007; Fernández-Nava et al. 2010) . all column depths. Secondary effluent was introduced into the system for a consecutive period of 4 weeks to allow for biofilm formation before the start of the experiments.
ANALYTICAL TECHNIQUES FOR WATER CONSTITUENTS
Dissolved nitrate (NO 3 -), sulphate (SO 4 2-) and phosphate (PO 4 3-) ions were measured using High Performance Liquid Chromatography (HPLC) with a Conductivity Detector (detection limits of 50, 75 and 125 µg/L respectively). Ammonia nitrogen and TN were measured by the salicylate method (detention limit: 0.4 mg/L ) and persulfate digestion method (detention limit: 2 mg/L N) respectively. Total coliforms and E. coli
were measured by Membrane Filtration Method (Sensitivity: 1 CFU/100 mL). DOC was measured using a SHIMADZU TOC analyzer for solids and liquids (range: 4 μg/L to 4,000 mg/L). DO was measured at the time of sampling using a portable digital meter (range: 0.1 -20 mg/L) and BOD 5 was measured following the standard method for the examination of water and wastewater (Method 10230).
Percentage removal efficiency by the soil column were calculated with the following formula:
Where Removal i is the percentage removal efficiency at sampling port i, Inf Conc is the concentration at 0 cm sampling port, and Eff Conc i is the effluent concentration at sampling port i. Sampling ports were placed at 0, 10, 30, 50, 70 and 90 cm depth. Majority of concentrations were measure as mg/L except E.coli and total coliforms, which were measured as colony forming units by 100 ml of sample (CFU/100).
RESULTS AND DISCUSSION
3.1. DO CONSUMPTION DO in the wastewater was measured every day during the wetting cycle at inflow and outflow (90 cm Results show that oxygen consumption during the wetting cycle is proportional to the hydraulic retention time. Additionally, after approximately 3 days of operation, DO consumption does not change significantly for the remaining of the wetting cycle. This suggests that the biofilm reaches a quasi-steady state after a few days of column operation. It is also observed that the largest DO reduction occurs during the first 30 cm of the soil column for all experiments. This is attributed to higher biological activity of heterotrophic bacteria in the aerobic zone of the column. Oxygen for organic matter biodegradation is provided by the secondary effluents and also by air in the pore spaces in the soil. These results are also consistent with previous soil aquifer treatment studies that show the important role of the first few cm of the soil in the treatment D r a f t process (Essandoh et al. 2013; Cha et al. 2005; Harun 2007) . No clogging of the column was observed during the experiments conducted with secondary effluents. However, an average reduction of surface permeability by 31% was observed after 7 days of wetting the experiments with CSOs. This is expected due to the presence of particulate and colloidal organic matter in raw wastewater.
ORGANIC MATTER
Organic matter in secondary effluents from biological treatment is composed of natural organic matter, non-readily biodegradable organic carbon, soluble microbial products and synthetic organic compounds such as disinfection by-products (Fox et al. 2005) . Biodegradable organic matter in the simulated CSOs is primarily composed of carbohydrates, proteins and grease (fats). SAT has shown to remove easily biodegradable carbon and synthetic organic compounds (Drewes and Fox 1999; Fox 2002 Results show the majority of the DOC consumption from secondary effluents occurs during the first 50 cm of the column and reaches a maximum of 8 %, 21 % and 23 % at the 90 cm depth for HRTs of 1.4, 2.8 and 13.1 hours respectively. Likewise, the majority of BOD 5 removal occurs during the first 30 cm of the column in the experiment with CSOs and reaches a maximum of 54 % at the 90 cm depth. Results are shown in figure 6.
Removal of DOC from secondary effluents showed dependency of both retention time and column depth up to approximately 50 cm. Removal of DOC from secondary effluents was relatively low due to the soil type and HRTs. Previous SAT studies have also shown that DOC removal by fine to medium sands is low when compared with sandy loams and clay lenses that can achieve removals as high as 85 % (Quanrud et al. 2003; Westerhoff and Pinney 2000) . CSOs were only moderately improved in terms of readily available organic matter achieving an average BOD 5 removal of 54 %.
Mechanisms of organic carbon removal in SAT is a combination of biodegradation and absorption.
However, the sustainability of SAT systems depends on biodegradation (Fox et al. 2005 ). Organic matter reduction shows that the SAT column operates under aerobic conditions at the three retention times, where DO is the elector acceptor. Positive correlations are observed between % DO consumption and organic matter reduction for the first section of the curves (S1). These first section of the curves suggests organic matter removal is due to aerobic biodegradation with some adsorption. The second section of the curves (S2) where organic matter reduction increases but DO does not decrease significantly suggests removal due to adsorption and heterotrophic denitrification. The latter can be explained by the formation of anoxic or anaerobic zones in the column. This is consistent with the DO reduction results that show higher biologically activity in the first 30
to 50 cm of the column. See figure 7.
E-COLI AND TOTAL COLIFORMS REDUCTION:
Bacteria and viruses during SAT are removed by a variety of processes such as filtration, predation and adsorption. Removal efficiencies are affected by the retention time, grain size distribution, size of microbes, and the ability of microbes to persist in soil (Harun 2007) . Geometric mean E.coli concentrations in the secondary effluent and CSOs were measured as 179 CFU/100 ml and 750 CFU/100 ml, respectively. Additionally, Geometric mean total coliform concentrations in the secondary effluent and CSOs were measured as 1416 CFU/100 ml and 6750 CFU/100 ml, respectively. E.coli from the secondary effluents was not detected at the 90 cm depth at the three HRTs, with most of the removal occurring during the first 50 cm of the soil column.
Therefore, it can be concluded that at least a log 3 removal is achieved at the 90 cm depth. Likewise, total coliforms were highly removed from the secondary effluents at the 90 cm depth, reaching average log reductions of 3, 1.7 and 2.1 for HRTs of 1.4, 2.8 and 13.1 hours respectively. Removals of E.coli and total coliforms from CSOs at the 90 cm depth were low, reaching average log reductions of 0. Standards, Objectives and Guidelines. Even after the 15% removal achieved in experiment C, the nitrate concentration is higher than the accepted limit.
Concentrations of orthophosphate and ammonia in the secondary effluent from the APCP were below detectable levels at all column depths for all retention times. Additionally, dissolved sulphate ions were measured as 41.87 mg/L (SD=3.23) and 27.47 mg/l (SD= 1.24) in secondary effluents and simulated CSOs respectively. No reductions in sulphate ions were observed at any of the column depths for any of the experiments.
ENHANCE NITRATE REMOVAL FROM SECONDARY EFFLUENTS
Nitrate ions from secondary effluents were not removed at the experiments with HRTs of 1.4 and 2.8 hours and only slightly removed (15 %) at the experiment at a HRT of 13.9 hours. Results of the experiments with methanol addition show a nitrate reduction of 46 % (1:1), 63 % (3:1) and 100 % (6:1) at the 90 cm depth for experiments E, F and G respectively. Results of the experiments with glucose addition show a nitrate reduction of 32 % (1:1), 59 % (3:1) and 89 % (6:1) at the 90 cm depth for experiments H, I and J respectively. Results are shown in figure 11 . Results show nitrate removal is significantly enhanced by the addition of readily available organic matter. Added readily available organic matter provides energy for the reduction of nitrate and also for the production of biomass. As a result, more organic matter is required than the calculated based on stoichiometry. The amount of new biomass generated and the portion used for denitrification are specific to D r a f t 14 each compound. These findings highlight the importance of protecting recharge wetlands in regions with high permeability soils since they can provide the additional organic matter needed for denitrification.
CONCLUSIONS
Experiments with secondary effluents showed that oxygen consumption during the wetting cycle is proportional to the hydraulic retention time and largest DO reduction occurs during the first 30 cm of the soil column. This is attributed to higher biological activity of heterotrophic bacteria in the aerobic zone of the column. These results show the important role of the first few cm of the soil in the treatment process. Removal of DOC was low, reaching a maximum of 23 % at the longest retention time, and showed dependency on both retention time and column depth up to approximately 50 cm. Low DOC removal is explained by the high hydraulic conductivity of the soils and the nature of organic carbon in secondary effluents, which is mainly composed of non-readily biodegradable carbon such as natural organic matter, soluble microbial products and emergent contaminants. E.coli was not detected at the 90 cm depth at all hydraulic retention times and most of the removal occurs during the first 50 cm of the soil column. At least a log 3 removal is achieved. Likewise, total coliforms were almost completed removed at the 90 cm depth at experiments A (> log 3), B (log 1.7) and C (log 2.1). Nitrate removal was slightly achieved at the longest retention time of 13.9 hours with an average 15 % reduction the 90 cm depth. Although oxygen is not completed consumed in the column effluent, heterotrophic denitrification can be explained by the formation of anoxic or anaerobic zones in the soil due to the nature and complexity of porous media.
Experiments with simulated CSOs, showed the largest DO reduction occurs during the first 30 cm of the soil column, which is attributed to higher biological activity of heterotrophic bacteria in the aerobic zone of the column. Oxygen consumption rates also consistently decrease as the depth of the soil increases for all hydraulic retention times. Unlike the experiments with secondary effluent, an average reduction of surface permeability by 31% was observed after 7 days of wetting. Methanol and glucose addition showed that denitrification of secondary effluents greatly improves when readily available organic matter is provided. Nitrate reductions of 100 % and 89 % were achieved at a ratio of 6:1 for methanol and glucose respectively. This is consistent with previous studies and provides scientific support for the importance of protecting recharge wetlands for groundwater quality protection in southwestern Ontario since they can provide additional organic matter needed for denitrification.
In summary, high permeability soils of southwestern Ontario, have the ability to polish secondary effluents in terms of DOC, E. coli and total coliforms. However, issues with the persistence of nitrates affects its suitability for potable aquifer recharge. Therefore, polished secondary effluent from the APCP by SAT will be more suitable for non-potable groundwater recharge. Recharge of potable aquifers may also be a possibility if wastewater effluents are de-nitrified. Regarding the simulated CSOs, sustainable SAT for non-potable or potable aquifer recharge is not achievable due to low removal of biological contamination, potential for high nitrate concentrations in the effluent and the occurrence of column clogging. Even though the removal of E.coli and total coliforms from secondary effluents were very high, disinfection is still recommended for the inactivation of viruses and protozoa. There are also concerns with the long-term effects on human health from exposure to contaminants such as pharmaceuticals and personal care products. 
